Skeletal muscle is the most abundant tissue in the mammalian body and, therefore, maintenance of its structure and function are important to health across the lifespan. The global maintenance of skeletal muscle mass is governed by a fine balance between muscle protein synthesis and degradation. Skeletal muscle undergoes rapid lossatrophy-during disuse and inactivity (1) (2) (3) (4) ; catabolic/ inflammatory disease states, such as cancer cachexia (5, 6) , sepsis (7) , chronic heart failure (8) , and obesity (9) ; as well as with denervation after, for example, spinal cord injury (10) or during aging (sarcopenia) (11) . To investigate the underlying time course and mechanisms of skeletal muscleatrophy,suchmodelsasdenervationvia nerve section (12) , tetrodotoxin (TTX) injection (13) , limb suspension (14) , spaceflight (15) , and chronic overuse (16, 17) have been implemented. Within these models, large alterations in gene regulatory networks may orchestrate the altered balance between protein synthesis and degradation during muscle wasting (18) . Under such conditions, these regulatory networks are altered to favor the breakdown of skeletal muscle proteins, predominantly via the ubiquitinproteasome pathway (19) (20) (21) . Whereas gene regulatory networks that control skeletal muscle atrophy have been somewhat elucidated, the role of epigenetic alterations in modulating gene expression during skeletal muscle atrophy has received less attention. Furthermore, there are few studies that have investigated the transcriptomic and epigenetic change that underlies the recovery of skeletal muscle after a return to normal physical activity after a period of disuse.
Epigenetic control of gene expression occurs primarily as a result of the modification to DNA or chromatin/ histones as well as post-transcriptional modification of RNA (22) . It has recently been suggested that denervationinduced atrophy results in the differential expression of genes that are associated with chromatin remodeling (23) . Recent in vitro evidence also suggests that epigenetic mechanisms may influence regeneration and myotube atrophy (24) . Skeletal muscle cells that have encountered the atrophic stimulus of the inflammatory cytokine, TNF-a, during their early proliferative life are more susceptible to TNF-a later in their proliferative life, and demonstrate impaired differentiation and regeneration compared with matched, untreated controls (24) . Of importance, in this study, a retention of DNA methylation of the myogenic regulatory factor, MyoD was evident over 30 population doublings in muscle cells that receive a single acute (24-h) cytokine stress in early life (24) . This study, therefore, points to a potentially important epigenetic mechanism that underlies the susceptibility to loss of muscle mass (25) . Furthermore, recent studies that investigated 44 musclespecific genes reported that where low methylation occurred, gene enhancer activity increased (26) . Despite this, it has not been confirmed in vivo whether the modulation of gene expression via DNA methylation is a mechanism that regulates skeletal muscle disuse atrophy.
In the present study, we used TTX to silence the nerve to evoke disuse-induced muscle atrophy. TTX inhibits the firing of action potentials by binding to the voltage-gated sodium channel in nerve cell membranes, which blocks the throughput of sodium ions; therefore, the muscles that are innervated by the blocked nerve cannot be activated to contract (27) . This model has the advantage over nerve section in that TTX causes a complete, but reversible, block of sodium channels and, thus, reversible nerve and muscle inactivity. In this study, to investigate both disuse and recovery, TTX was delivered over a preset period after which normal nerve activity resumed. After nerve silencing, DNA microarray technology was used to investigate the temporal genome-wide transcript expression profiles associated with progressive atrophy at 3, 7, and 14 d of disuse. Nerve block was then released, habitual activity resumed, and gene expression profiles were monitored after 7 d of recovery. Finally, DNA methylation within the promoter regions of genes was measured via pyrosequencing for genes that demonstrated-via microarray and confirmatory real-time quantitative RT-PCR (qRT-PCR)-the most significant alterations in expression across all conditions and that were most frequently differentially expressed across all pairwise comparisons. The aim of this investigation was, therefore, to elucidate the epigenetic control of gene expression after disuse atrophy and a return to normal physical activity in skeletal muscle. We hypothesized that disuse atrophy would be controlled by differential DNA methylation and corresponding changes in gene expression, and that these alterations perhaps would be transient and dynamic in nature and, therefore, reversible as normal muscle activity resumes.
MATERIALS AND METHODS

Animals
Ethics approval was obtained and experimental procedures were conducted with the permissions within a project license granted under the British Home Office Animals (Scientific Procedures) Act 1986. Male Wistar rats that weighed between 350-450 g were housed in controlled conditions of 20°C and 45% relative humidity, with food and water available ad libitum.Animalswere assigned to 5 groups that included 1 control group and 3 TTXexposed groups for periods of 3, 7, and 14 d, including a 14-d TTX exposure plus 7-d active recovery group. Experimental groups are detailed below and represented schematically in Fig. 1 .
Experimental groups
The left common peroneal nerve was exposed to TTX over preset time courses. Groups (n =6)consistedof3,7,and14-dTTXexposure and 14 d of TTX followed by 7 d of natural active recovery. To control TTX exposure, a miniosmotic pump (Mini Osmotic Pump 2002; Alzet, Cupertino, CA, USA) was implanted subcutaneously in the scapular region of animals under TTX conditions. Delivery tubes were subcutaneaously channeled to a silicone rubber cuff that was carefully placed around the common peroneal nerve of the left hind limb. Implantation was performed in-house as a modification of a published design (28) . The osmotic pump efficiently delivered 0.5 ml/h TTX (350 mg/ml in sterile 0.9% saline) to the nerve cuff, which allowed the common peroneal nerve to be exposed to TTX so that the ankle dorsiflexor muscles-tibialis anterior (TA) and extensor digitorum longus-were silenced but normal voluntary plantarflexion was maintained. The general welfare and mobility of group-housed rats were minimally affected. Correct assembly and loading of the osmotic pump and nerve cuff was planned so that TTX administration would terminate after 14 d, which allowed the recovery of hindlimb function from d 14 to 21 within the 14-d TTX + 7-d recovery group.
Morphology and histology for muscle size (mass and cross-sectional area)
At the end of each experimental time course, all animals were humanely euthanized with increasing CO 2 concentration and cervical dislocation. For morphologic and histologic purposes, muscle was harvested from control and experimental groups (n = 6), weighed, and divided into pieces, and a transverse portion from the midbelly of the muscle was frozen in melting isopentane, cryostat sectioned (;10 mm), and stained with hematoxylin and eosin. For each muscle sample, 5 images were obtained at random. By using ImageJ 1.45i software (National Institutes of Health, Bethesda, MD, USA), each photograph was overlaid with an 8 3 8gridwith which to make an unbiased selection of fibers. Ten fibers were selected for counting for each field of view at the first 10 intersections of the grid that fell within a fiber. Magnification of each section was calibrated from an image of a stage graticule. Cross-sectional area (CSA) was estimated from precise diameter measurements that were taken by selecting 2 points across the minimum diameter and assuming a circular cross-section. Mean TA mass for all control and experimental groups was expressed as a percentage of whole animal body mass (428 6 45 g) to normalize for interindividual differences in animal size (n = 6). Mean CSA of TA muscle fiber was expressed as percent change from the untreated contralateral control limb for each animal (n = 6). All data are presented as means 6 SD, unless otherwise stated.
Transcriptome analysis
We conducted microarray analyses to compare genome-wide transcript expression from 3-, 7-, 14-d TTX and 14-d TTX + 7-d recovery (n = 4 for each group). Untreated control samples were also used for quality control of microarray analysis and were excluded from the final analysis. Frozen muscle samples were sent to AROS Applied Biotechnology (Aarhus, Denmark), where RNA was isolated via AROS Standard Operating Procedures. More than 30,000 rat transcripts and 28,000 variants were examined via Affymetrix GeneChip Rat Genome 230 2.0 Array (Affymetrix, High Wycombe, United Kingdom). Raw data files (CEL) were normalized via the MAS 5.0 signal method (29, 30) , and CHP files were subsequently analyzed for significantly differential gene expression from microarray data [Transcriptome Analysis Console (TAC); Affymetrix]. TAC software was used to create hierarchical clustering heatmaps of the most differentially expressed genes. MA, USA), and RNA was extracted according to the manufacturer's instructions. Quantities and quality of RNA were assessed by 260/280 UV spectroscopy (Thermo Fisher Scientific). Isolated RNA produced an average 260/280 ratio of 1.99 (6 0.02). Primers were designed with Primer-Basic Local Alignment Search Tool (BLAST) (National Center for Biotechnology Information, Bethesda, MD, USA). All designed primers were between 20 and 21 bp in length and, where possible, had a guanine-cytosine content of 50-55%. The software program, netprimer, predicted the efficiency of the primer products, estimating the probability of primer dimer or hairpin formation. Primers were manufactured by Sigma-Aldrich (St. Louis, MO, USA) and resuspended in either Tris-EDTA buffer or RNA-free water (Sigma-Aldrich) as a 100-mM stock suspension. Details of primer assays are provided in Table 1 .
Real-time qRT-PCR
Real-time qRT-PCR was performed by using either HotStart Taq Master Mix Kit (Qiagen) and an iQ5 Thermocycler (Bio-Rad, Hercules, CA, USA) or QuantiFast SYBR Green RT-PCR one-step kit on a Rotorgene 3000Q (Qiagen). cDNA synthesis for subsequent PCR on the iQ5 Thermocycler was performed as follows: 1 mg RNA was diluted in 12 ml of RNA-free water, and 1 mlof oligo dT primer (Thermo Fisher Scientific) was incubated at 70°C for 10 min and subsequently snap-cooled on ice to enable binding of the primer. A reaction mix-4 mlof53 buffer, 2 mlDTT,1ml deoxynucleotides (dNTPs)-were added per RNA sample and incubated at 42°C for 2 min. One microliter of Superscript II Reverse Transcriptase (Thermo Fisher Scientific) was then added and the reaction mix was incubated for an additional 50 min at 42°C. This reaction was inhibited by then heating to 70°C for 15 min. As a control, reactions were prepared in parallel with those previously described for each RNA sample, without the inclusion of the reverse-transcriptase enzyme so that mRNA would not be reverse transcribed into cDNA. These negative control primers were used to confirm that the products amplified by PCR were indeed derived from cDNA. For real-time qPCR using HotStart Taq Master Mix Kit on the iQ5 Thermocycler, reactions were as follows: 3 ml cDNA, 15 ml Hotstar Taq Master Mix, and 1.5 ml each of forward and reverse primer and 9 ml of RNase-free water, totaling 30 ml for reactions. For real-time qPCR using QuantiFast SYBR Green RT-PCR One-Step Kit on a Rotorgene 3000Q, reactions were as follows: 9.5 ml RNA sample (7.3 ng/ml=70ng total RNA in the reaction), 0.15 ml of forward primer, 0.15 mlof reverse primer, 0.20 ml of reverse transcriptase mix, and 10 mlof SYBR Green buffer (QuantiFast SYBR Green RT-PCR One-Step Kit; Qiagen), totaling 20 ml. For the QuantiFast SYBR Green RT-PCR One-Step Kit, reverse transcription cycles were performed in the same tube/reaction before PCR as follows: hold 50°C for 10 min (reverse transcription/cDNA synthesis), followed by 95°C for 5 min (transcriptase inactivation and initial denaturation step), before 40 PCR cycles of 95°C for 10 s (denaturation) and 60°C for 30 s (annealing and extension). Finally, melt curve analyses were performed to identify any primer dimer formation or nonspecific amplification. All melt curves produced single reproducible melt temperatures across all experimental samples. All relative mRNA expression was quantified by using the C t ( DDCt ) method (31) against a known reference gene, RPIIb (polr2b) and/or Rn18s. Average C t values for RPIIb and Rn18s were 20.08 (60.59) and 15.80 (60.39), respectively, across all experimental conditions.
DNA isolation and bisulfite conversion
To elucidate methylation profiles, DNA was extracted from frozen muscle tissue by using a commercially available DNA isolation kit (DNA Blood and Muscle Kit; Qiagen) according to manufacturer instructions. For methylation analysis via highresolution melt PCR (HRM-PCR), bisulfite conversion of 2 mg DNA was performed by using InnuConvert All-in-One Bisulfite Conversion kits (AJ Innuscreen GmbH, Berlin, Germany). For DNA methylation by PCR and pyrosequencing (see Materials and Methods), 500 ng DNA was bisulfite converted by using a Zymo Research EZ Methylation Kit (Zymo Research, Irvine, CA, USA).
DNA methylation by PCR and pyrosequencing
Assays for pyrosequencing were purchased from epigenDX (Hopkinton, MA, USA; summarized in Fig. 2 and Table 2 ). After bisulfite conversion, PCR reactions were designed depending on the specific DNA methylated region of interest and the size of the product as per the manufacturer's instructions; however, a typical reaction was performed as follows: 3 mlof103 PCR buffer (containing 15 mM MgCl 2 ), 0.2 mlo f1 0m Md N T P s ,1 . 8mlo f 25 mM MgCl 2 ,0 . 6mlo f1 0m Md N T P s ,0 . 1 5ml HotStar Taq Polymerase, 1 ml of bisulfite-treated DNA, and 0.2 mMofforward and reverse primer ( Table 2) . One primer was biotin-labeled and HPLC-purified to facilitate the purification of the final PCR product using Sepharose beads. After an initial denaturation incubation at 95°C for 15 min, 45 cycles of denaturation at 95°C for 30 s, 63°C for 30 s (annealing), and 68°C for 30 s (extension) were performed, with all PCR cycles followed by a final 5 min at 68°C. PCR products were then bound to Streptavidin Sepharose HP (GE Healthcare Life Sciences, Waukesha, WI, USA), after which the immobilized PCR products were purified, washed, denatured with a 0.2-mM NaOH solution, and rewashed using the Pyrosequencing Vacuum Prep Tool (Qiagen) as per manufacturer instructions. After annealing with 0.5 mMs e q u e n c i n g primer, purified single-stranded PCR products were sequenced by using the PSQ96 HS System (Qiagen) according to manufacturer instructions. The methylation status of each CpG site was determined individually as an artificial C/T single-nucleotide polymorphism using QCpG software (Qiagen). The methylation level at each CpG site was calculated as the percentage of methylated alleles divided by the sum of all methylated and unmethylated alleles. The mean methylation level was calculated by using the methylation levels of all measured CpG sites within the targeted region of each gene. Each experiment included non-CpG cytosines as internal control to detect the incomplete bisulfite conversion of the input DNA. In addition, a series of unmethylated and methylated DNA strands were included as a control after each PCR. Furthermore, PCR bias t e s t i n gw a sp e r f o r m e db ym i x i n gu n m e t h y l a t e dc o n t r o l DNA with in vitro methylated DNA at different ratios (0, 5, 10, 25, 50, 75, and 100%), followed by bisulfite modification, PCR, and pyrosequencing analysis. All supporting information for gene assays, including assay sequence, chromosomal CpG island locations, position from the ATG start codon and transcriptional start site, and CpG number are given in Fig. 2 and Table 2 .
HRM-PCR for total DNA methylation HRM-PCR for CpG methylation was performed as previously described (24) . In brief, 20 ng DNA was subjected to HRM-PCR using EpiTect HRM-PCR kits and Rotorgene 3000Q (Qiagen) with Rotorgene software. All primer concentrations for gene CpG assays and EpiTect HRM master mix volumes were used in accordance with manufacturer instructions. HDAC4 (Qiagen) was designed to amplify a product length of 140-190 bp ( Table 3) . PCR cycles were performed as follows: 10 s at 95°C (denaturation), 30 s at 55°C (annealing), and 10 s at 72°C Figure 2 . Gene map of CpG islands for loci-specific pyrosequencing for quantification of DNA methylation via pyrosequencing. In descending order: MyoG, Fboxo32 (MAFbx), Trim63 (MuRF1), Ampd3, and Chrna1. URT, untranslated region. (extension) for a maximum of 55 cycles. After PCR, an HRM analysis was performed with 0.1°C increments from 65°C to 95°C. Fluorescence vs. melt temperature was used to create a standard curve using rat methylated DNA standards that represented 100, 75, 50, 25, 10, 5, and 0% methylation. All samples were run in duplicate and were normalized to 0% methylated control and averaged to produce a single curve. The relationship between the area under the curve-determined via each standard curve-and the corresponding percentage methylation curve of specific gene loci was determined by using the bestfitting fourth-order polynomial relation. This relationship was subsequently used to quantify the percent methylation from the integrated raw melt curves of the experimental samples. Calculations were performed by using a Python-based program, MethylCal, that was developed for this purpose in-house [used previously (24) ].
Statistical analyses
All statistical analyses of morphologic data were performed via either R software (v.2.13.1; http://www.R-project.org)o rS P S S (v.22.0; SPSS, Chicago, IL, USA). Morphologic (muscle mass and CSA) comparisons between experimental and control conditions were assessed via 1-way between-group ANOVA. Microarray data were analyzed for statistical comparisons via 1-way between-group ANOVA within the TAC software. Targeted real-time qRT-PCR was analyzed by using a 1-way betweengroup ANOVA (with Tukey's post hoc tests). DNA methylation data sets were analyzed by using a 2-way between-group ANOVA (with Tukey's post hoc tests), which allowed comparison of experimental conditions and individual CpG islands. A follow-up 1-way ANOVA between CpG islands at each experimental condition was used to identify significant differences in the DNA methylation status of each CpG island within the same experimental condition. Finally, Student's t tests were used to identify significant differences in CpG methylation between experimental conditions and control. All statistical analyses for DNA methylation were performed on absolute values, with figures representing data as mean 6 SD to relevant control. Differences were considered statistically significant at values of P # 0.05.
RESULTS
Skeletal muscle disuse and recovery evokes considerable, yet reversible, muscle atrophy
Exposure to TTX produced an average of 7.0 6 2.4% loss in TA muscle mass at 3 d, 28.7 6 5.1% at 7 d, and 50.7 6 2.7% loss after 14 d that resulted in statistical significance at all time points vs. the unoperated right TA (P , 0.001; Fig. 3 ) and a significant difference between paired comparisons of3and7d,3and14d,7and14d(P , 0.001). After 14 d of TTX exposure followed by 7 d of cessation in the recovery group, muscle mass significantly recovered by 51.7% vs. 14 d of denervation (P = 0.001; Fig. 3 ). Seven days of recovery did not completely restore muscle mass, as muscle mass was still significantly lower than control (P , 0.001; Fig. 3 ), and total muscle mass was equivalent to levels at 7 d of TTX administration, which suggests that rates of loss over 7 d were similar to rates of recovery. We therefore report significant skeletal muscle atrophy of the TA muscles with disuse and a 51.7% recovery of muscle mass after 7 d of cessation of TTX administration and the return of normal habitual physical activity vs.14dofTTXinduced-denervation.
Exposure to TTX produced a progressive reduction in mean muscle fiber CSA of 17.95 6 12.06% at 3 d, 42.09 6 6.17% at 7 d, and 68.94 6 2.97% at 14 d of TTX exposure, with 7 and 14 d of TTX being significantly reduced vs. control (P = 0.003 and P , 0.001, respectively; Fig. 4 ). Similar to TA muscle mass, upon TTX cessation, the 14-d TTX + 7-d recovery group muscle CSA significantly recoveredcomparedwith14dofTTXalone,withanincrease of 62.6% in CSA compared with 14 d of TTX alone (P = 0.002 ; Fig. 4) ; therefore, there was significant atrophy of individual skeletal muscle fibers in TA muscles after denervation, and a 51.7% recovery of muscle mass and a 62.6% recovery of muscle CSA after 7 d of cessation of TTX administration and a return to normal habitual physical activity.
Gene expression microarrays identify important gene regulatory networks involved in muscle atrophy and recovery
After confirming a significant reduction in muscle mass, the temporal transcriptome profile that accompanied muscle atrophy was investigated (n =4).Thedendogram from the hierarchical clustering of probe sets across the genome identified 3714 genes that demonstrated highly significant differential expression across all conditions with a value of P # 0.001 (Fig. 5A) . It also demonstrated that there was high clustering similarity for the 3-, 7-, and 14-d TTX groups, which were dissimilar to the sham-operated controls and the recovery group that also demonstrated high clustering similarity ( Fig. 5A and Supplemental 1A). This suggested that disuse-induced atrophy evoked a considerable change in the expression of a large number of genes that were returned to levels similar to those in sham controls on the cessation of nerve block in the recovery group (Fig. 5A ). Despite the top 20 genes showing recovery to control sham levels, 846 genes were still significantly differentially expressed (P , 0.05) in the recovery group compared with sham control (Supplemental 1I). Additional analyses were performed by using unsupervised hierarchical clustering of the top 20 most differentially expressed genes ( Fig. 5B and Supplemental 2).Thisanalysisconfirmedthatthesetop20genesthatwere most differentially expressed in TTX groups returned to sham control after 7 d of recovery. Furthermore, the top 500 genes that were up-regulated by TTX administration could be grouped into 3 distinct clusters on the basis of their temporal behavior: an immediate and sustained increase in expression (Fig. 5C ), a delayed, but progressive, increase in expression (Fig. 5D) , and, finally, an immediate increase in expression that declined over the time course (Fig. 5E ), which suggested that dynamic and coordinated gene expression occurred across a large number of genes as a result of disuse, and that there was a return to control levels in the recovery group.
Regulated genes identified by microarray and ranked by significance of change (33) (34) (35) (36) (37) , as has been its protein family member, Fbxo32 (Mafbx). We therefore extended the analysis of this change by qRT-PCR and loci-specific pyrosequencing for the role of DNA methylation in TTXinduced atrophy and recovery. The muscle-specific basic helix-loop-helix myogenic regulatory factor, MyoG, was also identified in 3 of 6 paired comparisons (Supplemental Fig. 1C -E) and has previously been identified as a key transcript in the regulation of denervation-dependent muscular atrophy in rodent models (38) . Of importance, the class II histone deacetylase 4 (Hdac4) also appeared within the top 20 most statistically differentially expressed genes across all probe sets ( Fig. 5B and Supplemental 1B) and was the most statistically differentially expressed gene when comparing sham control with 3-d TTX atrophy probe sets (Supplemental 1C). Hdac4 is a known upstream regulatory factor of MyoG activity (36, 39) , and, thus, both Hdac4 and MyoG genes were identified as warranting additional targeted analysis. Additionally, a neuromuscular junction-associated gene that was significantly altered and that also appeared in the top 20 most differentially expressed genes included the acetylcholine receptor subunit a1(Chrna1; Fig.5B ). This gene also appeared in 2 of 6 paired comparisons of most differentially expressed genes (Supplemental 1D, E). Chrna1 plays a crucial role in acetylcholine binding and the channel-gating activity within the neuromuscular junction pathway (40) and has been previously been identified via transcriptome analysis as the most differentially expressed gene in skeletal muscle loss observed in age-related muscle loss/denervation (41) . After the identification of key gene transcripts, quantification of gene expression was elucidated via follow-up real-time qRT-PCR to confirm and further profile the transcriptional responses, and DNA methylation analyses were performed via pyrosequencing to assess the DNA methylation status of the gene promoter region in response to disuse-induced muscle atrophy and recovery.
Changes in gene expression after disuse-induced atrophy are returned to control levels after recovery . Mean TA mass for all control and experimental groups were expressed as a percentage difference of wholeanimal body mass (428 6 45 g) to normalize for interindividual differences in animal size. All data are presented as means 6 SD for n = 6 in each condition. *Statistically significant vs. sham control (P , 0.05); # statistically significant vs.14-dTTX (P , 0.05).
( Fig. 6A ) remaining elevated at 7 d of TTX exposure. By 14 d, mean levels for Hdac4, MyoG, Trim63, and Fbxo32 were not significantly different, that suggested an elevation of these genes at 3 and 7 d in response to disuse. In contrast, whereas significant changes in Ampd3 expression were not detected (Fig. 6A) , Chrna1 expression was significantly elevated at 3, 7, and 14 d (177.5-fold increase vs. control; P = 0.016; Fig. 6A ). After TTX cessation and 7 d of recovery, it was also confirmed via qRT-PCR that Hdac4, MyoG, Trim63, Fbxo32, and Chrna1 gene expression had all returned to sham control levels, as demonstrated in the microarray data. Changes in DNA methylation were associated with altered gene expression in disuse-induced atrophy and recovery Loci-specific pyrosequencing of individual CpG islands within gene promoters revealed significant alterations in the DNA methylation of key genes that were identified after microarray analysis and confirmatory real-time qRT-PCR that corresponded with significant increases in gene transcription. After 3 d of TTX exposure, there was a significant reduction (P = 0.011) of DNA methylation in the MyoG gene promoter (Fig. 6B) and a concomitant significant increase (P = 0.011) in MyoG gene expression (Fig. 6A) , both of which then returned to baseline levels during the remaining 14 d (all gene expression/DNA methylation overlap relationships are schematically represented in Fig.  6C ). The DNA methylation profile of the Chrna1 gene promoter progressively decreased relative to control, with 7 and 14 d of TTX treatment attaining significance compared with sham control (P = 0.035 and P , 0.001, respectively). This corresponded with the increased expression of this gene over the 14-d denervation period (Fig. 6A, C) . As with Chrna1, Trim63 displayed a significantreductioninmethylationat7and14dofTTXexpo-sure (P = 0.035 and P , 0.001, respectively; Fig. 6B, C) , which coincided with a stable increase in mRNA expression at the same time points (Fig. 6A, C) . Fbxo32 demonstrated a decreasing trend in DNA methylation at specific time points, attaining significance at 14 d of TTX exposure (P = 0.021; Fig. 6B, C) , with gene expression data demonstrating significant increases at 3 (P = 0.037) and 7 d (P = 0.038) atrophy (Fig. 6A, C) . Of importance, after TTX cessation, there was recovery in the DNA methylation profiles of Trim63, Fbxo32, and Chrna1, which returned to sham control levels (P . 0.05). This was in conjunction with an observed recovery of gene expression of the same genes upon TTX cessation (Fig. 6C) . We observed no differences in DNA methylation for Ampd3 after TTX administration or recovery (Fig. 6B) . Furthermore, after initial total percent of methylation within the total amplicon/product via HRM-PCR for Hdac4, we were unable to identify methylation greater than that of the 0% methylation control for all conditions, and, therefore, pyrosequencing for locispecific DNA methylation was not performed for Hdac4. Figure 5 . Transcriptome analysis indicated a highly dynamic gene expression response to progressive muscular atrophy that returns to expression levels in the sham control upon muscle recovery. A) Hierarchical clustering heatmaps of probe set expression across the rodent genome identified 3714 genes that were highly statistically significantly (P # 0.001) expressed across all conditions, with 3-, 7-, and 14-d TTX atrophy being differentially expressed compared with sham control and 14-d TTX + 7-d recovery. B) This observation was confirmed in analysis of the top 20 statistically differentially expressed genes across all conditions. Similar clustering occurred within 3-, 7-, and 14-d of TTX exposure which was distinctly dissimilar to the clustering observed in the sham control and 7-day recovery group. C-E ) Top 500 most statistically differentially expressed genes grouped into 3 distinct temporal expression patterns: an immediate and sustained increase in expression (C ); delayed, but progressive, increase in expression (D); or an immediate increase in expression that declined over the time course (E). Of note, all gene clusterings return to sham control expression levels upon TTX cessation and 7 d of recovery. 
DISCUSSION Summary
The aim of this investigation was to elucidate the epigenetic control of gene expression after skeletal muscle disuse-induced atrophy after 3, 7, and 14 d of nerve block with TTX. First, we observed a 7, 29, and 51% loss of muscle at 3, 7, and 14 d of disuse, with 7 d of recovery resulting in a 51.7% restoration of total muscle mass that had been lost after 14 d of disuse. Muscle mass was therefore similar after 7 d of disuse or 14 d of disuse followed by 7 d of normal activity. Muscle atrophy was further confirmed with fiber cross-sectional area data in which a similar pattern of progressive loss of 18, 42, and 69% was observed after 3, 7, and 14 d of TTX, respectively. Seven days of recovery restored 63% of muscle crosssectional area vs. 1 4do fd i s u s e -i n d u c e da t r o p h ya l o n e . Our original hypothesis was supported, in that disuseinduced atrophy was associated with reduced DNA methylation and enhanced gene expression. Both DNA methylation and gene expression were partially returned to baseline after 7 d of recovery from nerve block. Of importance, after gene expression microarray analysis, we found that 3714 genes were significantly differentially regulated (P # 0.001) across all TTX groups, and that these genes were returned in the recovery group to levels that were observed in sham control. Specifically, by identifying the top 20 most differentially expressed genes in the atrophy and recovery groups and cross-referencing with the most frequently occurring significantly regulated genes for between-group pairwise comparisons, we identified a key subset of influential genes: MyoG, Hdac4, Trim63 (Murf1), Ampd3, and Chrna1. These genes-together with Fboxo32 (Mafbx), because of its previously defined role with Trim63 (Murf1) in muscle atrophy-were then analyzed via real-time qRT-PCR to confirm microarray gene expression data for these genes as well as loci-specific DNA methylation of the promoter regions by pyrosequencing. All of these genes-MyoG, Hdac4, Trim63/ Murf1, Ampd3, Chrna1, and Fboxo32/Mafbx-have been identified previously via transcriptome-wide analysis of disuse-induced atrophy after neuromuscular blocker a-cobrotoxin treatment (42) . In this investigation, we have identified novel data that suggest that MyoG, Trim63 (Murf1), Fbxo32 (Mafbx), and Chrna1 demonstrate reduced DNA methylation at specific time points after disuse-induced atrophy that corresponded with increases in gene expression at the same time points. Of importance, after TTX cessation and 7 d of recovery, during which normal habitual physical activity was resumed, there was a return of DNA methylation for Trim63, Fbxo32, and Chrna1 to sham control levels. This also corresponded with the return of gene expression to that of baseline sham control levels. Because the reduced DNA methylation within promoter or enhancer regions of genes can lead to enhanced gene expression as a result of reduced methylation, which allows access for RNA polymerase to enable transcription (43) , our data suggest that atrophy and recovery of skeletal muscle after disuse is associated with dynamic and transient epigenetic modifications that correspond with altered gene expression.
Dynamic and transient DNA methylation after atrophy and recovery of muscle mass Interestingly, 51.7% of total muscle mass loss after 14 d was restored after 7 d of recovery, yet, importantly, gene expression was returned fully to baseline after 7 d, which suggests-as perhaps would be expected because of the time required for transcription, translation, and protein incorporation-a time lag between gene expression and the physiological restoration of muscle mass. The findings in this study, however, suggest that reduced DNA methylation that corresponded with increased gene expression of MyoG, Trim63 (MuRF1), Fbxo32 (MAFbx), and Chrna1 are dynamic and transient events, in which decreases in DNA methylation at 3, 7, and 14 d of TTX-induced atrophy correspond with increases in gene expression that, in turn, are returned to baseline (Trim63/MuRF1 and Chrna1) within just 7 d after the removal of the TTX block. DNA methylation has previously been reported to be mitotically stable and, as such, environmental factors were previously believed to be unable to induce significant alterations in DNA methylation at both acute and chronic time points (44) . Furthermore, our previous data suggest that even after acute catabolic stress, DNA methylation can be stably retained across several population doublings of muscle cells in vitro (24) ; however, we demonstrate here that DNA methylation does respond at a rate that allows for its participation in the adaptive control of gene expression and therefore adds additional weight to previous findings in support of transient alterations of DNA methylation in skeletal muscle, for example, as previously after an acute bout of aerobic exercise (24, 45) . Our data therefore add support to previous findings demonstrating transient alterations of skeletal muscle DNA methylation.
Although not identified in this study, it will be important in future studies to investigate DNA methyltransferase activity. The DNA methyltransferases (DNMT3a/3b) are involved in the initial incorporation of methyl groups to cytosine residues and the creation of 5-methylcytoseine to increase DNA methylation. Maintenance DNA methyltransferase (DNMT1) is involved in retaining the methyl tag on the DNA strand (46) . The dynamic and transient observation of DNA methylation in this study is perhaps suggestive of high DNMT3a/3b activity in which initial and rapid increases in DNA methylation are observed; however, we do not report a significant retention of DNA methylation upon TTX cessation (14-d TTX + 7-d recovery), which would perhaps suggest that DNMT1 did not maintain the methylation status of some of these genes during muscle recovery. It has previously been reported that increases in both types of DNMT are observed after a high-fat diet that induces increases in DNA methylation of 6508 genes (47) . Additional work is needed to confirm similar findings in atrophying muscle and to elucidate the response of DNA methyltransferases upon the reversible insult. Finally, it would be important to undertake 14 d of recovery in future experiments to assess whether muscle mass can be returned fully to baseline control levels and to examine the transcriptomic and epigenetic responses during this period.
DNA methylation correlates with important changes in skeletal muscle gene expression after disuse-induced atrophy and with the return of gene expression to baseline during recovery
As suggested above, MyoG, Trim63, Fbxo32, and Chrna1 demonstrated decreased DNA methylation after disuseinduced atrophy that corresponded with increased gene expression. Of importance, after TTX cessation and 7 d of recovery, during which normal habitual physical activity was resumed, DNA methylation of Trim63 and Chrna1 returned to sham control levels as the supressed levels of gene expression recovered. The muscle-specific basic helix-loop-helix transcriptional factor and member of the myogenic regulatory factors, MyoG, is commonly associated with the coordination of skeletal muscle development/ myogenesis or skeletal muscle regeneration and, specifically, the differentiation/fusion of skeletal muscle cells (48) . Here, we report a significant induction of gene expression for this transcription factor upon disuse-induced muscle atrophy. Because expression of this protein is usually associated with muscle regeneration, this may reflect a compensatory mechanism in an unsuccessful attempt to halt atrophy or to respond to a return of activity. The role of MyoG as a transcription factor has previously been linked with the regulation of the ubiquitin E3 ligases, Trim63 and Fbxo32, and associated muscle atrophy (34) . We provide novel data that suggest that the DNA methylation profile of this transcript is altered in an inverse fashion to its mRNA expression.Indeed,at3,7,and14d,weobservedasignificant reduction in MyoG DNA methylation and an increase in MyoG transcript expression; therefore, we suggest that increased MyoG gene expression is regulated by reduced MyoG DNA methylation.
Previous studies have also reported that MyoG gene expression is under the regulatory control of class II Hdacs (34, 35) . In partial support of this notion, we report a significant increase in Hdac4 gene expression at 3 and 14 d of TTX exposure; however, we did not measure protein abundance or the phosphorylation/deacetylation status of Hdac4. Indeed, the initial screening of Hdac4 DNA methylation via HRM-PCR was unable to detect a notable change, with global gene percentage methylation indicating no methylation above 0% methylated controls. Therefore, additional work at the protein and histone levels is needed to elucidate the epigenetic regulation of Hdacs during periods of loss and recovery of muscle mass, as its altered gene expression after denervation does not seem to be controlled via DNA methylation. Furthermore, despite a return of MyoG gene expression to control levels after 7 d of recovery, DNA methylation continued to reduce in the recovery group. This suggested that while reduced DNA methylation may have been important in increased gene expression during denervation-induced atrophy, DNA methylation was not controlling the gene expression of MyoG during recovery.
As previously suggested, downstream transcriptional targets of MyoG have also been shown to be highly induced in rodents during periods of muscle loss caused by denervation, immobilization, and unloading (49, 50) . Trim63 is an E3 ubiquitin ligase and a member of the RING zinc finger family of proteins that directs the polyubiquitination of proteins to target them for proteolysis. With catabolic stimuli, such as diabetes, cancer, denervation, unloading, and glucocorticoid or cytokine treatment, its expression has consistently been demonstrated to increase (50, 51) . Previous studies have also suggested that upon denervation, Northern blot analysis identified a significant increase in Trim63 and Fbxo32 after 3 d of muscle atrophy, that continued through to 7 d (50). Here, we report a significant increase in Trim63 and Fbxo32 gene expression via real-time qRT-PCR compared with control levels in parallel with a reduction in DNA methylation. This suggests an important role for epigenetic control of these ubiquitin ligases in the resulting protein degradation and muscle loss that has been observed in this study. We note that DNA methylation of both of these ubiquitin ligases increased to control levels with corresponding decreases in gene expression to the sham control level, which also suggests that the reductions in DNA methylation during atrophy can be dynamically regulated.
Furthermore, Chrna1 makes up the majority of the muscle-specific nicotinic acetyl choline receptor (nAChR) in adult skeletal muscle (52) and plays a crucial role in initiating the opening of the nAChR channels and the transfer of positively charged ions (53) . We reported a progressive increase in gene expression resulting in a cumulative significant fold change after 14 d of TTX exposure. This alteration in gene expression was met with a parallel progressive reduction in DNA methylation with significance being observed at both 7 and 14 d after TTXinduced atrophy. An observation similar to previous work (54) , in which a significant increase in Chrna1 activity was observed as a result of sarcopenia. nAChRs are made up of 5 isoforms in human skeletal muscle, in which the subunit Chrna1 is most dominant. These isoforms function to create an acetylcholine cluster around the neuromuscular central pore, in which they house target binding sites predominantly located at the a-subunit in the extracellular domain near the N terminus. Upon contact of a chemical messenger to the binding site, all present subunits undergo a conformational change that results in the opening of the nAChR channel (55) . Upon denervation, however, no action potential messages are received and, therefore, it is possible that the reduced DNA methylation and increased transcriptional response-although we do not provide evidence of protein levels-may increase as a compensatory mechanism that is understood to increase the chance of forming new end plates. This response is equivalent to that observed after nerve section and it seems, therefore, to be a response to the lack of activity rather than the physical absence or damage to the nerve. Further, upon TTX cessation and muscle recovery, we report a return of Chrna1 DNA methylation and gene expression back towards sham control levels.
Finally, it is important to note that MyoG, ubiquitin ligases, and Chrna1 have been identified as major regulators of muscle regeneration, protein degradation, and function, respectively, and that the present study identified these genes as being the most frequently occurring, differentially expressed genes across comparisons by using a nonselective transcriptome-wide approach in a novel model of osmotically administered TTX-induced atrophy. Therefore, these data further consolidate the important role for epigenetics in the regulation of these genes in disuse-induced atrophy and the recovery of skeletal muscle following a return to activity.
CONCLUSIONS
MyoG, Trim63, Fbxo32, and Chrna1, but not Ampd3, demonstrate decreased DNA methylation after disuseinduced atrophy that correspond with increased gene expression and muscle atrophy. Importantly, after TTX cessation and 7 d of recovery, there was increased DNA methylation of Trim63 and Chrna1 to control levels that also corresponded with the return of gene expression to that of baseline in sham controls. Overall, this suggests that the atrophy and recovery of skeletal muscle after disuse is controlled by the dynamic and transient epigenetic regulation of gene expression.
